Abstract-To study effective anti-chaff jamming methods, this paper investigates the echo characteristics of the vessel and the chaff for missile-borne wideband coherent radars. Firstly, the echo model of the missile-borne wideband coherent LFM pulses radar is built, and the range-Doppler image of the echoes is derived. Based on the measured data, the differences of the echoes between the vessel and the chaff are analyzed. Then in terms of the spread feature and energy evenness of the range-Doppler image, two features of the radar echoes are proposed to distinguish the vessel and chaff. Finally, statistical distributions of the two features are investigated, and we find that the proposed features can be used for chaff jamming identification and suppression.
INTRODUCTION
Among the defensive measures against anti-ship missiles, chaff is probably the oldest, but still an effective measure [1] . Besides, compared to other countermeasures, chaff is inexpensive and easy to implement. Consequently, it is widely used by Naval Force all the same. Anti-chaff jamming technology has gained much attention among radar engineers in the past decades. Due to the working environment, however, anti-chaff jamming performance of the missileborne terminal guidance radar is still imperfect [2] . Some investigations have been proposed to distinguish the target and chaff echoes [3] [4] [5] [6] . Generally speaking, the existing anti-chaff jamming methods include the polarization method, time domain correlation method, Doppler spectra method, and time-frequency analysis method. Nevertheless, the polarization method is only at the theoretical analysis stage, and a complex full-polarization terminal guidance radar system is impractical. The performances of the time domain correlation method and Doppler spectra method are both unstable. Time-frequency analysis method seems to have excellent performance, but it usually consumes too much computation, which makes it not suitable for missile-borne radar signal processing. Wideband radar has the ability of high range resolution, which provides us a new technological approach for anti-chaff jamming. In addition, the coherent radar is usually used to restrict clutter and jamming echoes by Doppler analysis. Wideband coherent LFM pulses radar has combination advantages of wideband radar and coherent radar. Furthermore, it has a long coverage and low peak power, which produce a low probability of intercept and strong anti-interference performance [7] . As a result, wideband coherent LFM pulses radar has been widely used in terminal guidance. To study effective anti-chaff jamming methods, the paper investigates the echo characteristics of the vessel and chaff for wideband coherent radars with the background of anti-ship terminal guidance.
There are three main modes of use for chaff at sea [8] . The first mode is known as distraction decoy dispensed by rockets and shells at ranges up to 2 km from the vessel, and a pattern of several rockets fired in different directions to provide alternative targets to missiles. The second is the dump mode which is used closer to the vessel (less than 1 km away), and the chaff fired as a false target to the attacking missile. The third one is the centroid mode, used very close to the ship where the chaff cloud is dispensed at a range of 100-400 m. A large echoing area must be formed in a few seconds and the chaff cloud appears initially near the ship. After the ship moves and is away from the tracking beam of the guidance radar, the chaff cloud puzzles the missile. In the distraction decoy and dump mode, the echoes of the chaff and vessel are in different beams, or in different range cells of the same beam of the missile-borne radar. In the centroid mode, nevertheless, the echoes of the chaff and vessel are in the same range cells of the same beam. In this paper, we focus on the echo characteristics of the chaff in the distraction decoy and (or) the dump mode for wideband LFM coherent pulses radars. Firstly, we build the echo model of the missile-borne wideband coherent radars, and the range-Doppler image of the echoes is derived. For wideband coherent radars, the vessel and the chaff are both range-spread targets. Moreover, due to different velocities of the scatterers, the echo is spread in Doppler as well. Hence for wideband coherent radar, the target is named as a range-Doppler spread target in this work. With the measured data, we analyze the differences of the echoes between the vessel and the chaff. Furthermore, we propose two features of the range-Doppler image to distinguish the vessel and the chaff. And finally, we investigate the statistical distributions of the two features, and some available results are obtained.
The paper is organized as follows. In Section 2, the echo model of the missile-borne wideband coherent radar is built. In Section 3, based on the range-Doppler image we propose two features to discriminate the vessel and the chaff. The statistical distributions of the proposed features are investigated in Section 4. At last, in Section 5, some conclusions are given.
RADAR ECHO MODEL
The transmitted signal of wideband LFM coherent pulses radar is [9] : According to the multiple main scatterers theory [10] , the rangescattering function of a static range-spread target can be expressed as:
where K is the number of scattering centers of the range-spread target. a k , φ k and τ k are the amplitude, initial phase and delay of the k-th physical scatterer of the range-spread target in range cells, respectively. Assuming that the radar is working on the tracking condition and moving towards the target, the radial velocity between the radar and the target remains constant during a coherent processing interval (CPI). Accordingly, the instantaneous range between the radar and the target is:
where R k (·) represents the instantaneous range of the k-th scatterer of the range-spread target, and R k0 and v k are the initial range and the radial velocity of the k-th scatterer, respectively. Substituting (3) into (2), the instantaneous range-scattering function of a range-spread target is obtained:
where c is the speed of light. According to the wideband radar theory [11] , the target echo is the convolution of the transmitted signal with the range-scattering function of the target. Therefore, the target echo of the missile-borne wideband radar is expressed as:
wheref kd = 2v k f c /c is the Doppler frequency of the k-th scatterer, * represents the convolution. After mixing and low-pass filtering, the baseband signal is written as:
From (6), it can be seen that the relative radial velocity between the radar and the target produces time-frequency coupling term to the chirp signal [12] , which results in mismatching between the target echo and the matched filter. Additionally, the radial velocity between the missile-borne radar platform and the target results in range migration between the echo pulses during a CPI, which may produce detrimental effect on the coherent integration. In practical application, the effect from the time-frequency coupling and the range migration could be restricted at utmost by radar parameters design, or it could be solved by motion compensation method [13] . Here we assume that the effect on the target echoes resulted from the high speed motion of the radar platform has been properly removed. After matched filtering to the baseband echoes, high range resolution profiles (HRRP) of the target can be obtained:
(n = 0, 1, . . . , N − 1; m = 0, 1, . . . , M − 1.) where N is the number of sampling points of each echo pulse, T s = 1/f s the sampling period, and f s the sampling frequency. After coherent integration to the M HRRPs in (7), the integration result is obtained:
is the sampling number of the k-th scatterer, Round[·] represents round off. While if
where f r = 1/T r is the pulse repetition frequency, and z(n k , d) reaches the maximum. It can be seen that if the range velocities of the scatterers are different, the target echoes will spread in Doppler and the range-Doppler image of the target is coming out [14] .
ECHO CHARACTERISTICS

Differences of the Echoes between the Vessel and the Chaff
Doppler Frequency Spectra
Coherent radar can obtain the Doppler frequency spectra of the target echoes, and then the motion information of the target is obtained.
After the chaff is blasted into the sky, the density of chaff cloud decreases gradually while the radar cross section (RCS) grows bigger and bigger. The Doppler frequency spectrum of the chaff cloud is up to the drift velocity of the chaff cloud and the motion of single chaff as well. The horizontal velocity of the chaff has a certain distribution. It has been verified that in a certain time after the chaff is dispersed, the diffusion process of the chaff cloud could be seen as a stationary process, and the horizontal velocity of chaff obeys Gaussian distribution [5] :
where v c denotes the instantaneous horizontal velocity of single chaff, σ c the standard deviation of v c , and ε the mean value of v c . The center frequency of the Doppler frequency spectra depends on ε and the width of the Doppler frequency spectra depends on σ c . Generally, the Doppler frequency spectra width of the chaff cloud is about hundreds of KHz. Compared with the chaff echo, the energy of the target ship echo focuses on several strong scatterers, and the differences of the relative velocities between the strong scatterers are minuscule in a CPI. Therefore the Doppler frequency spectra width of the vessel is small, in other words, the Doppler frequency spectra of the vessel is intensive.
Range-Doppler Image
In terms of the range-Doppler image of the wideband coherent radar, when the chaff cloud disperses thoroughly, the energy of the rangeDoppler image spreads evenly. For the reason that the distribution of the chaff in space is uniform and the velocity of single chaff is stochastic. On the contrary, the energy of the vessel's range-Doppler image spreads intensively. For one thing that the energy of the vessel's HRRP focuses on several strong scatterers [15] , and for another the Doppler of these scatterers are approximate. 
Features Extraction
After coherent integration and range-Doppler spread target detection [16] , the range-Doppler image of the target can be obtained. (The range-Doppler spread target detection algorithm will be expounded in another paper.) By the measured data, Figure 2 shows the coherent integration result and the range-Doppler image of a vessel, and Figure 3 shows the coherent integration result and the range-Doppler image of the chaff. 
Feature 1: Spread Factor of the Range-Doppler Image
Assume that the range-Doppler two-dimensional target detection window is W , with a length of L range cells and width of M Doppler 
The spread factor η(Θ) represents the relative area of the rangeDoppler image occupying in the range-Doppler plane. From (11) , it can be obtained:
The smaller η(Θ) is, the more intensive the range-Doppler image will be. On the contrary, the greater η(Θ) is, the more disperse the rangeDoppler image will be. Figure 4 shows the range-Doppler image spread factor of the vessel and the chaff with the measured data, where the horizontal axis is the trail number, and the ordinate axis is the spread factor, L = 70, and M = 64. It can be seen obviously that the spread factor of the chaff is greater than that of the vessel. Table 1 shows some statistics of the range-Doppler image spread factors in Figure 4 . As can be seen, the mean value of the spread factor of the chaff is much greater than that of the vessel. Yet the variation coefficient of the vessel is about 20%, and the variation coefficient of the chaff is 5.78%. The problem arises in part from that when the chaff cloud disperses thoroughly, the echo of the chaff is relative steady, at the same time the echo of the vessel is violently varying between the CPI, especially when the observation angle of the radar changes.
Feature 2: Normalized Waveform Entropy of the Range-Doppler Image
The waveform entropy (WE) is usually adopted to measure the energy evenness of a signal [17, 18] . However, the number of rangeDoppler cells occupied by the range-Doppler image is generally not a constant, so the WE defined in [17] and [18] does not work anymore. Consequently, a new normalized waveform entropy (NWE) is defined here to measure the energy evenness of the range-Doppler image.
The NWE of the range-Doppler image is defined as:
According to the definition above, the NWE has the following properties:
For a vessel, the echo energy of the range-Doppler image focuses on several range-Doppler cells, which results in a small value of E [Θ]. Compared with a vessel, however, the chaff echo is homogeneous in range and Doppler, the evenness of the chaff echo corresponds to a great value of E [Θ]. Figure 5 shows the NWE of the range-Doppler image of the vessel and chaff with the measured data, where the horizontal axis is the trail number, and the ordinate axis is the NWE. It can be seen that the NWE of the chaff is greater than that of the vessel. Table 2 shows some statistics of the NWEs in Figure 5 . It can be seen that the mean value of the NWE of the chaff is 0.9343, and the variation coefficient is 0.57%, which means that the energy evenness of the range-Doppler image of the chaff and the stability are good. On the other hand, the NWE of the range-Doppler image of the vessel is 0.678, and the variation coefficient is 7.85%, which indicates that the energy distribution of range-Doppler image of the vessel is heterogeneous, and the stability is poor. The results in Table 2 correspond to the echo characters of the chaff and the vessel analyzed in the last section. 
STATISTICAL ANALYSIS ON THE FEATURES
The two features extracted in Section 3.2 can be used to distinguish the vessel and chaff. The judgement thresholds of the features can be obtained by the experimental data and the required object identification performance of the radar system. Setting the judgement threshold of the spread factor and the NWE of the range-Doppler image are λ 1 and λ 2 , respectively, which can be expressed as
and
In order to analyze the probability distribution functions (PDF) of the two features, several classical PDFs are chosen to fit the real probability distribution by the measured data. We adopt the mean square error (MSE) to refine the approximation between the real distribution functions and the classical PDFs. Assuming that the real distribution function is p 0 , the classical probability density function is p 1 , and then the MSE between them can be expressed as:
where · 2 is the norm of 2 . Figure 6 shows the real data PDFs of the two features and the classical PDFs, which contain Gaussian, Rayleigh, Weibull and Logarithmic normal distribution [19] . Table 3 shows the MSE between the real distribution function and the classical PDFs. It can be seen that Lognormal distribution has the minimum MSE with the real distribution of the feature 1 of the vessel. As a result, we suppose that feature 1 of the vessel obeys Lognormal distribution. Similarly, feature 1 of the chaff, feature 2 of the vessel, and feature 2 of the chaff approximately obey Gaussian distribution, Weibull distribution, and Lognormal distribution, respectively.
False alarm probability is defined as the probability of the misjudgement considering the vessel as chaff jamming. Figure 7 shows the chaff identification performance of feature 1, where Figure 7(a) shows the relationship of the judgement threshold λ 1 and the false alarm probability p f 1 , and Figure 7(b) shows the relationship of λ 1 and the chaff identification probability p d1 . Figure 8 shows the chaff identification performance of feature 2, where Figure 8 shows the relationship of the judgement threshold λ 2 and the false alarm probability p f 2 , and Figure 8 (b) shows the relationship of λ 2 and the chaff identification probability p d2 . Assuming that the required chaff identification probability is 1 − 10 −5 , namely p d1 = p d2 = 1 − 10 −5 , the corresponding judgement thresholds can be obtained by straightforward computation: λ 1 = 0.2366, λ 2 = 0.8969. From Figure 7 (a) and Figure 8 (a), we can obtain p f a1 < 10 −14 , and p f a2 < 10 −14 , which indicates that proposed two features can be used to distinguish the vessel and the chaff effectively, and may be adopted for chaff jamming identification for wideband coherent radars.
CONCLUSION
Chaff is still an effective defensive measure against anti-ship missiles and is widely adopted by Naval Force. Due to the working environment, the anti-chaff jamming technology of missile-borne terminal guidance radar is still imperfect. Wideband coherent LFM pulses radar has combination advantages of the wideband radar and the coherent radar, and has been widely used in terminal guidance. To study effective anti-chaff jamming method for wideband LFM coherent pulses radars, we investigate the echo characteristics of the vessel and chaff in the distraction decoy and (or) the dump mode. Based on the measured data, the differences of the echoes between the vessel and the chaff are analyzed. In terms of the spread characteristic and energy evenness of the range-Doppler image, two features, namely, spread factor η(Θ) and normalized waveform entropy E[Θ] of the range-Doppler image, are proposed to distinguish the vessel and the chaff. Statistical distribution characteristics of the two features are investigated, and we find that the proposed features of the rangeDoppler image can be used for chaff jamming identification for the wideband coherent radar. The robustness of the proposed method in variable signal to noise ratio (SNR) and the requirements on range and Doppler resolution will be analyzed in our future work.
